Background This study compared the performance of validated laparoscopic tasks on four commercially available single-site-access (SSA) devices with the performance of those tasks on an independent-port (IP) SSA setup. Methods A prospective, randomized comparison of laparoscopic skills performance on four access devices (ADs) (GelPOINT, SILS Port, SSL Access System, TriPort) and one IP-SSA setup was conducted. A laparoscopic trainer box was used to train 18 (2nd-to 4th-year) medical students, four surgical residents, and five attending surgeons to proficiency in multiport laparoscopy using four laparoscopic drills (i.e., peg transfer, bean drop, pattern cutting, extracorporeal suturing). Drills then were performed in random order on each IP-SSA and AD-SSA setup using straight laparoscopic instruments. Repetitions were timed and errors recorded. Data are presented as mean ± standard deviation. Statistical analysis was performed by twoway analysis of variance (ANOVA) with Tukey HSD post hoc tests. Results The attending surgeons had significantly faster total task times than the residents or students (P \ 0.001), but the difference between the residents and students was not significant. Pair-wise comparisons showed significantly faster total task times for the IP-SSA setup than for all four AD-SSAs within the student group only (P \ 0.05). The total task times for the residents and attending surgeons showed a similar profile, but the differences were not significant. When the data for the three groups were combined, the total task time was less for the IP-SSA setup than for each of the four AD-SSA setups (P \ 0.001). Similarly, the IP-SSA setup was significantly faster than three of the four AD-SSA setups for peg transfer, three of the four setups for pattern cutting, and two of the four setups for suturing. No significant differences in error rates between the IP-SSA and AD-SSA setups were detected. Conclusions Compared with an IP-SSA laparoscopic setup, AD-SSAs are associated with longer task performance times in a trainer box model, independently of the level of training. Task performance was similar across the different SSA devices.
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Keywords Single-incision laparoscopy Á Skills training Single-site access (SSA) laparoscopic surgery has developed rapidly in the last 3 to 4 years as an alternative to scarless natural orifice translumenal endoscopic surgery (NOTES) [1, 2] . This technique currently has been applied to virtually every laparoscopic abdominal procedure [3] [4] [5] [6] [7] [8] [9] , and the number of publications on this technique has grown exponentially [10] . A recent systematic review by Ahmed et al. [11] identified 102 clinical studies of SSA or laparoendoscopic single-site surgery (LESS) in general, urologic, and gynecologic surgery, most of them conducted within the last 5 years. However, most of the current SSA literature consists of case reports and case series, with relatively little objective evidence of benefits beyond improved cosmesis [12] [13] [14] .
As a result of the rapidly expanding research and clinical interest in SSA, several medical device manufacturers have designed single-site access devices (ADs) to facilitate performance of SSA or LESS procedures. These devices combine various numbers of access ports for a camera and two or three instruments into a single integrated port. However, to our knowledge, only one study has evaluated skills performance on one of these devices in a simulated setting [15] .
Previous work from our group showed differences in skill acquisition time between traditional laparoscopy and SSA using a trainer box setup and various simulated laparoscopic skills tasks, with longer times and more repetitions required to achieve proficiency with an SSA setup than with a traditional multiport laparoscopic model [16] . However, the skills acquired during SSA training transferred readily to multiport laparoscopy.
We hypothesized that SSA devices might confer advantages over an independent-port (IP) SSA setup, particularly for more complex tasks such as laparoscopic suturing. This study therefore aimed to compare performance of validated laparoscopic tasks on an IP-SSA setup with performance on four commercially available AD-SSA devices in a skills laboratory setting.
Materials and methods

Participants and study design
The 37 subjects who agreed to participate in the study consisted of 12 second-year medical students with no prior laparoscopic surgical experience, 12 third-year medical students, 3 fourth-year medical students, 5 general surgery residents in clinical postgraduate years (PGY) 3-5, and 5 expert laparoscopic surgeons (4 attending surgeons and 1 advanced minimally invasive surgery [MIS] fellow). Among the third-year medical students, 11 had participated in a previous study of laparoscopic skills acquisition carried out by our group [16] . The study was conducted under a protocol approved by the institutional review board of the Washington University School of Medicine.
The medical student participants with no prior laparoscopic skills experience attended a training session in which an attending laparoscopic surgeon (L.M.B. or J.E.V.) provided instruction on the proper use of laparoscopic equipment and the performance of four standard laparoscopic drills using a multiport setup. After the training session, each medical student participant practiced each task on a standard multiport setup until he or she reached proficiency targets for that task. The subjects who did not require participation in a training session because of prior experience with these drills (general surgery residents and attending surgeons) were timed and tested on the standard multiport setup to verify baseline proficiency before participation in the SSA portion of the study.
After reaching (or verifying) proficiency targets, the participants performed each task on all five single-incision laparoscopy setups in a random order. These tasks then were repeated on each device for a total of three sets of all four tasks on all five SSA setups for every participant. Each repetition was timed and recorded by one of the investigators (M.R.S.).
Training setups and equipment
A standard multiport laparoscopy setup, an IP single-incision setup, and four single-incision devices were used as shown in Fig. 1 . The single-incision devices included the GelPOINT (Applied Medical Resources Corporation, Rancho Santa Margarita, CA, USA), the SILS Port (Covidien, Norwalk, CT, USA), the SSL Access System (Ethicon Endo-Surgery, Cincinnati, OH, USA), and the Olympus TriPort (Advanced Surgical Concepts, Bray, Ireland). In the standard multiport setup, the 5-mm ports (Ethicon Endo-Surgery) were placed in standard instrument port positions triangulated with the camera port. For the IP single-incision setup, the camera port was placed in the midline position, and low-profile instrument ports (Covidien) were placed at the same access site in an equilateral triangle configuration, with each of the ports 2-2.5 cm apart.
Drills
Four standard laparoscopic drills were used for the study, namely, peg transfer, bean drop, pattern cutting, and suturing with extracorporeal knot tying. The peg-transfer, pattern-cutting, and extracorporeal tasks, from the Society of Gastrointestinal and Endoscopic Surgeons (SAGES) Fundamentals of Laparoscopic Surgery (FLS) tasks, were performed as previously described [16, 17] . The bean-drop task, as described by Rosser et al. [18] , consisted of transferring beans into a 1.2-cm hole in an inverted cup during 90 s. Further details on the setup of these tasks for the SSA approach were as previously reported by our group [16] .
The peg-transfer and bean-drop tasks were selected as two basic tasks, pattern cutting as an intermediate task, and suturing with extracorporeal knot tying as an advanced task. A stationary camera was used for all tasks except the bean-drop task, in which the participant also controlled the laparoscope. Extracorporeal suturing was chosen instead of intracorporeal suturing because the movements required inside the training box are less complex and because it was thought that intracorporeal tying would be too difficult to accomplish in the SSA setup, especially given the wide range of experience among the participants.
Statistical analysis
All data are presented as mean ± standard deviation. Analysis of data including means between and within groups was by two-way analysis of variance (ANOVA) with Tukey HSD post hoc tests. All P values less than 0.05 were considered significant. Statistical analysis was performed using R version 2.11.1 (R Foundation for Statistical Computing, Vienna, Austria).
Results
Of the original participants recruited to take part in the study, the protocol was completed by 18 medical students (8 second-year, 8 third-year, and 2 fourth-year), 4 general surgery residents, and 5 attending surgeons. The participants who could not complete the protocol failed to do so primarily because of the time involved or inability to reach proficiency targets. The mean age of the study participants was 27 ± 5.8 years.
The total times required to complete the four tasks for the various groups are shown in Table 1 . The medical students' total times using the IP setup were significantly faster than their times on all four access devices. When the second-year medical students' times were compared with those of the third-and fourth-year medical students, no significant differences in their performance on any task using any port setup were observed (data not shown). Although total task times averaged at least 90 s longer for each of the AD-SSA setups versus the IP-SSA setup for both the resident and the attending surgeon groups, the differences were not significant.
Regardless of the port used, the surgeons performed the tasks significantly faster than the medical students or the residents (P \ 0.001), but the difference between the Fig. 1 Photographs of the various port setups. A Multiport. B Multiple independent single-site ports. C GelPOINT. D SILS Port. E SSL Access System. F TriPort medical students and the residents was not significant. When all the participants were analyzed together, the total task times were significantly faster for the IP-SSA setup than for each of the four AD-SSA setups (P \ 0.05).
The mean times required for the various study groups (medical students, residents, attending surgeons) to complete each individual task (peg transfer, bean drop, pattern cutting, and extracorporeal suturing) are shown in Figs. 2, 3, 4 and 5, respectively. The only significant differences between the IP and AD times by level of the trainee were in the medical student group. As shown in the figures, the medical student IP-SSA times were significantly faster than for two of the four ADs for peg transfer, none of the four ADs for the bean drop, four of the four ADs for pattern cutting, and two of the four ADs for suturing. However, when task time data for all three groups were combined for each task (e.g., student, resident, and attending surgeon data combined into one group), the task performance times on the IP-SSA setup were significantly faster than on the AD-SSA setups for three of the four devices for peg transfer, four of the four devices for pattern cutting, three of the four devices for extracorporeal suturing, but none of the four devices for the bean drop (P \ 0.05).
Discussion
Despite the increased application of single-site approaches to laparoscopic surgery clinically, very little work has been done to evaluate performance characteristics of SSA approaches in a simulated environment. The SSA laparoscopy approach differs from the conventional multiport approach in a number of respects including loss of triangulation, instrument paths with an in-line almost-parallel configuration, and close proximity of working instruments and the camera/laparoscope unit, which may restrict freedom of movement and lead to clashing of instruments [19] . As a result, simulation may be a useful step to gain understanding about performance of basic and advanced laparoscopic tasks in an SSA-type setup before these procedures are performed clinically.
The initial approaches to single-incision laparoscopy used independent, low-profile ports placed through an open 1.5-to 2-cm incision, usually located at the umbilicus [20] . In some cases, ancillary instruments were placed directly through the fascia without a port.
To facilitate the performance of these procedures and to provide some standardization, a number of medical device companies have designed SSA port devices in which the device is placed through an open 1.5-to 2-cm fascial incision. These devices have been designed either with multiple fixed low-profile ports or channels for instruments housed within the device or with a gel-type barrier that allows some degree of customization for the number and location of the ports and instruments. However, although a number of procedures have been performed with preferential use of these devices [13, 21] , no comparative data exist on how these devices perform clinically or in a simulated setting. In one recent review, no clearly defined advantages were identified for any one existing port setup over the other [22] . Our group previously reported the results of an analysis comparing the standard multiport and SSA for laparoscopic skills training of surgically naïve medical students [16] . In this study, the students were randomized into two groups. The one group underwent training to proficiency in a standard multiport setup, and the other group was trained and tested initially on an independent single-port SSA setup using no specialized access devices. Performance on four tasks was assessed, namely, peg transfer, rope drill, bean Fig. 3 Bean-drop times for each group. None of times were significantly different between the groups Fig. 4 Pattern-cutting times for each group. *P \ 0.05 compared with the independent port setup drop, and pattern cutting. Not surprisingly, the students in the multiport group reached proficiency in less time and with fewer repetitions than those in the SSA group. The students in each group then crossed over to the other setup. The skills development in the SSA-trained group transferred well to the multiport setup. In fact, many students were automatically proficient in the multiport tasks. Multiport training also transferred to some extent to the SSA setup, but the students in the multiport-trained group still needed almost 2 h of practice time and an average of 86 repetitions to reach proficiency compared with only 38 min and 27 repetitions for the SSA-trained group to achieve proficiency when they crossed over to the multiport setup.
Santos et al. [15] recently compared FLS task performance between using a standard multiport and using the SILS platform. Inexperienced (medical students and PGY1 residents), laparoscopically experienced (PGY2-5 residents), and SSA-experienced surgeons were tested. Overall, the FLS scores were significantly lower with the SILS setup across all groups tested. For individual tasks, this effect was similar for the peg-transfer, pattern-cutting, and endoloop tasks. For the suturing tasks, the inexperienced group actually performed better on the SILS platform, whereas the experienced laparoscopy group performed better on the standard setup. Suture performance in the SSA-experienced group was similar with the two approaches. Notably, suturing in this study was performed using an articulating grasper and an articulating suturing instrument.
Laparoscopic intracorporeal suturing performance was assessed by Rieder et al. [23] for a novel single-port triangulating surgical platform. All the participants were proficient with intracorporeal suturing in a standard laparoscopic setup. However, performance decreased by more than 50% when a single-site approach applying one straight and one articulating instrument was used. With the single-port triangulating system, which allowed insertion of two articulating instruments that offered true-right and true-left maneuvering, performance improved significantly, although not quite to the level of the standard laparoscopic approach.
In the current study, we sought to extend our prior work and investigate the performance of various levels of trainees from naïve to expert using four commercially available SSA devices. We included both surgically naïve second-year medical students and students from the third and fourth years who had participated in the previous SSA skills study or had rotated on our MIS service. As an intermediate-level group, R3-R5 categorical general surgery residents were included and compared with attending surgeons in the section of minimally invasive surgery. Because an advantage of the commercial access devices might be in the performance of more complex tasks and procedures, we included four different tasks that we considered to reflect basic (peg transfer and bean drop), intermediate (pattern cutting), and advanced (extracorporeal suturing) laparoscopic skills.
Our results show that an AD-SSA setup is associated with longer task performance times than an IP-SSA setup in a skills lab setting. A difference of more than 100 s was observed between medical students' IP-SSA and AD-SSA total task times. Similar time differences were seen between the IP and AD times of residents and attending surgeons, although the differences were not significant due to the small number of participants in each of those groups. For each individual task, the mean task times were significantly longer than with the IP setup for two devices for peg transfer, all four devices for pattern cutting, and two devices for suturing. Regardless of the port used, the surgeons performed the tasks significantly faster than the medical students or the residents, but the difference between the medical students and the residents was not significant, likely due to the small number of residents participating in the study. When all the participants were analyzed together, the IP-SSA setup was significantly faster than the AD-SSA setups for three of the four devices for peg transfer, four of the four devices for pattern cutting, and three of the four devices for extracorporeal suturing, but for none of the four devices for the bean-drop task. Subjectively, we observed that the increased difficulty performing tasks with commercial access devices was due more to the close proximity or sword-fighting of instruments and the increased torque across the instruments and devices than to the lack of triangulation. These observations likely explain why there was no difference in outcomes for the bean-drop task when only two instruments were used (camera and one grasper), in contrast to the other tasks, which all required the camera port plus two other instruments.
Some participants adapted by learning to place the suture with a single hand because close apposition of the grasper to the needle driver often was difficult or impossible with the AD. The need for increased torque against the AD port setup when the surgeon reached deep into the field, such as for the movements required to cut the distal part of the circle pattern, also was a common concern with the ADs.
This study had several limitations. First, the sample size in the resident and surgeon groups was too small to detect a significant difference between the AD-SSA and IP-SSA setups. We intentionally limited attending surgeon participation to those with prior SSA experience clinically. Moreover, participation in the study was voluntary and time consuming because one cycle through all five device setups required approximately 1-1.5 h to perform and had to be repeated one to 2 times, which limited broader participation by residents on clinical rotations. We sought to minimize the learning curve effect in this study by ensuring that all participants were trained and/or tested to proficiency on a standard multiport setup before beginning the SSA task trial. In addition, all the tasks were repeated two or three times on each SSA device setup in random order so that the learning curve effect on performance was spread out over the entire range of the devices.
Second, we had not studied whether these findings were transferable to performance in the operating room. Although the drills used for this study are validated and commonly used for training, they have not been validated for use in a single-incision model. Third, we did not take advantage of articulating instruments or flexible-tip cameras and other technical advances that facilitate single-incision laparoscopic surgery and potentially improve performance on an SSA platform [24] . However, due to the range of flexible-shaft instrument designs and the different experience level of the participants, it was thought that this would introduce another variable, the impact of which would be difficult to gauge.
Finally, SSA devices have many characteristics important in clinical practice that we did not evaluate including durability, maintenance of pneumoperitoneum, biocompatibility, and cost. For more advanced laparoscopic cases in which a fascial incision 2.5 cm or larger is going to be made for reasons of specimen extraction (e.g., laparoscopic colectomy or lap band placement), an AD may allow greater freedom of movement than we observed in the trainer box model. Thus, although our results describe the performance characteristics of SSA devices in a skills lab setting, they may not be applicable to all clinical scenarios. Further studies are needed to elucidate better the optimal characteristics of an AD for single-site laparoscopy, which include ease of assembly, ability to maintain pneumoperitoneum effectively, minimization of clashing and smudging, ability to limit excessive torque, and accommodation of both standard and articulating laparoscopic instruments.
In summary, we have shown that SSA devices confer no performance advantages over an IP setup in a trainer box model. Surgeons who intend to use these devices for advanced laparoscopic cases may find it helpful first to gain experience and understand the device benefits and limitations in a simulation model such as we have described before using them in the operating room. Furthermore, we argue that manufacturers of these devices should incorporate AD-specific skills training into their educational programs on SSA surgery. Further studies are needed to determine whether our findings translate into clinical performance.
